Abstract. CMOS imagers are matrix-addressed photodiode arrays, which have been utilized in devices such as commercially available digital cameras. The pixel size of CMOS imagers is usually larger than that of CCD and smaller than that of TFT, giving them a unique position. Although CMOS x-ray imaging devices have already become commercially available, they have not been used as an x-ray area detector in synchrotron radiation experiments. We tested performance of a CMOS detector from Rad-icon (Shad-o-Box1024) in medical imaging, small-angle scattering, and protein crystallography experiments. It has pixels of 0.048 mm square, read-out time of 0.45 sec, 12-bit ADC, and requires a frame grabber for image acquisition. The detection area is 5-cm square. It uses a Kodak Min-R scintillator screen as a phosphor. The sensitivity to x-rays with an energy less than 15 keV was low because of the thick window materials. Since the readout noise is high, the dynamic range is limited to 2000. The biggest advantages of this detector are cost-effectiveness (about 10,000 US dollars) and compactness (thickness < 3 cm, weight < 2 kg).
INTRODUCTION
Owing to the recent spectacular development in the digital imaging technology, solid-state technology is getting more widely utilized in x-ray detectors for synchrotron radiation. CCD (charge-coupled device) imagers are already commonly used in diffraction studies and high-resolution imaging experiments. However, CCD has a limitation that the pixel size is small (typically < 30 µm), easily damaged by x-rays, and the readout is slow due to its chargetransporting method. Most utilized CCD detectors in synchrotron radiation experiments are with a tapered optical fiber for protein crystallography, or with indirect lens-coupling for high-resolution imaging.
Another type of digital imaging device is an amorphous silicon imager which is a photodiode array with an active TFT (thin-film transistor) matrix readout. It can be very large (more than 20 cm), and its sensitivity can be enhanced by the use of amorphous selenium as a converting media of x-ray photons to electrons. However, it has limitations in both resolution (typically > 100 µm) and high noise due to the property of the amorphous silicon semiconductor. Although this type of detector has been commercialized for medical imaging, it has not been used in quantitative x-ray diffraction or imaging experiments.
CMOS (complementary metal-oxide semiconductor) flatpanel imagers are also matrix-addressed photodiode arrays. Compared with the TFT imagers, this type of detectors has an advantage that the pixel size can be smaller (as small as in CCD). Since most of applications in the synchrotron radiation experiments, especially those at the third generation facilities, require high resolution, CMOS imagers seem to be a promising new technology.
We have tested a CMOS flatpanel imager in various synchrotron radiation experiments at SPring-8. Although the presently available products have higher noise than the detectors that are currently used for these experiments, the large area and low cost make the CMOS imagers an attractive option.
METHODS AND RESULTS

CMOS imager
The CMOS imaging detector we tested was purchased from Rad-icon Imaging company (CA, USA, http://www.rad-icon.com/). It is called "Shad-o-Box1024", which is made of two 512×1024 CMOS devices ("RadEye"). The nominal specifications quoted by Rad-icon Imaging Corp. are:
Dark current (23ºC) : 8 ADU/sec (ADU means one unit of the output of the analog-to-digital converter) Read noise (rms) : < 1 ADU Conversion gain : 500 e -/ADU Pixel size : 48 micron square Readout period : 440 msec ADC : 12 bits Scintillator screen : Kodak Min-R Medium (Green phosphor, Gd 2 O 2 S:Tb) It was supplied with an Imagenation PXD1000 frame grabber board and software ("ShadoCam"). In order to obtain accurate exposure time, we developed a software to control an x-ray shutter and the detector.
Example of images
Figure 1 (left) is an image of a head of a rat. It was normalized with a direct beam without the specimen. The specimen-to-detector distance was 7m to obtain an edge-enhance effect due to refraction of x-rays. Details of the nasal bones and whiskers can be observed with clarity. The dark vertical line is a gap between the two segments. Figure 1 (right) is a diffraction pattern from a single crystal of lysozyme. The resolution is high enough to resolve diffraction spots. A similar number of reflections were observed using ADSC Quantum 4R, showing that the sensitivity is high enough for the data collection. Vertical horizontal dark lines are defects in the detector. Figure 2 (left). A series of reflections from collagen, which can be indexed on the first four orders of the 65-nm periodicity, can be observed. Figure 2 (right) shows a one-pixel horizontal section of this diffraction pattern. Background between reflections is not smooth because of the readout noise in the detector.
An x-ray diffraction pattern from a dried tendon of chicken is shown in
Noise and dark current
Two 6700-msec blank exposures were made and the difference between them was calculated pixel by pixel. In the whole area, the average difference was 0.062 ADU with a standard deviation of 0.857 ADU. This corresponds to the practical noise in the detector that remains after dark subtraction. This value is consistent with that quoted in the specification (< 1 ADU). The intensity fluctuation seen in an actual image (Figure 2b ) is due to both the readout noise and quantum variation in the number of x-ray photons.
Dark current was measured in blank exposures of various time between 1 and 6700 msec at 25 ºC. The dark current was found to increase by 6 ADU/sec. This is also close to the value quoted in the specification (8 ADU/sec at 23 ºC).
Uniformity of sensitivity was measured by moving the detector across an x-ray beam at a constant speed. The variation in the response was about 1 %, which is within the range of quantum fluctuation in the number of photons. Figure 3 (left) shows a modulation transfer function MTF measured using a strip chart of various widths, which was made of 0.05mm lead. For each width, several line-and-space patterns were repeated. From the projectiong image of the pattern, MTF was calculated as MTF = (I bright -I dark )/(I bright + I dark ) where I bright is the maximum pixel value in the area of slits and I dark is that between slits. The results in Figure 3 agrees well with the reported result [3] . Figure 3 (right) is the conversion gain measured at BL20B2. The x-ray flux was measured by an ionization chamber (S1194B1, Oken, Tokyo, Japan), which was filled by air, and the number of photons was calculated using mass-energy attenuation coefficient. The conversion gain is low at 15 keV, showing considerable loss due to absorption by the window material (amorphous carbon) and the envelope material for the scintillator. 
Spatial resolution and conversion gain
Radiation damage
A permanent increase in the dark current was found after an exposure of a few Gy at 20 keV(2×10 7 cps/mm 2 for about 10 min). Thus, it is necessary to avoid excessive exposure to strong x-rays.
CONCLUSIONS
The results in the present tests show that the CMOS flatpanel detector is already a fairly mature technology that can be used in synchrotron radiation experiments. In order to obtain a quantitative image, it is necessary to correct an image for (1) dark current, (2) defect pixels. These are common with CCD-based detectors. Since the defect pixels are invariable with each detector, correction can be made based on calibration data. As the dark current may depend on the temperature, it is recommendable to record a dark image before or after each exposure.
CMOS flatpanel detectors with an area larger than the one tested here are already available from Rad-icon Corp. and Hamamatsu Photonics K.K. The readout noise is lower in new products. Thus, it is possible that CMOS detectors will have a detection area and noise level similar to those in the CCD-based detectors in future. The problem of radiation damage may not be significant with low-energy x-rays that are mostly absorbed by the scintillator, but should be addressed as a serious problem with high-energy x-rays.
Currently, the biggest advantages of the CMOS imager are its compactness and low cost. Since Shad-oBox1024 weighs only less than 2 kg, it can be easily mounted anywhere in an experimental setup. For instance, it can be mounted on a goniometer arm. Also, as it is only 3 cm in thickness, it can fit into a narrow space where no other imaging detector can enter.
